The current-voltage characteristics have been measured on a YBa 2 Cu 3 O 7−δ epitaxial thin film. Using a material power law, we determine the temperature and field dependencies of the characteristic pinning potential U J and the real critical current density J c at different fields and temperatures. It is shown that J c is completely different from the conventional critical current density J E , which is determined by the electronic-field criterion. Thus, the time-honoured electronic-field criterion is no longer reasonable for high-T c superconductors. By further investigation of the results of J c and U J , we are able to present a physical picture of the transformation of the pinning potential well with increasing temperature and hence determine the transition point from vortex-glass phase to vortex-liquid phase.
Introduction
Due to the high critical temperature, the strong anisotropy and the short coherence length, a rich vortex-matter phase diagram exists in the mixed state of high-T c superconductors (HTSC). The complicated dynamic behaviours of the vortex phases in HTSC arise from competition between the driven force and various energies such as the thermal energy, vortex interaction energy, pinning energy and coupling energy between layers (Crabtree and Nelson 1997 ). An important early step in dynamical vortex studies is the characterisation of the various steady-motion states in the dynamic phase diagram (Koshelev and Vinokur 1994; Giamarchi and Le Doussal 1996) , which is closely associated with the critical current of HTSC.
The conventional critical current density J E is determined as follows: (a) It can be derived from the width of the magnetic hysteresis loops using the basic assumption of the Bean critical state model. (b) It can be determined from the current-voltage characteristics (CVC) by selecting an electronic-field criterion (EFC). However, these two methods assume that the electric field arises abruptly at the critical current density, which is adequate only for low-T c superconductors. For HTSC, due to giant flux creep, the electronic-field changes more slowly with decreasing current density than in low-T c superconductors. Therefore, the conventional critical current density J E should not be regarded as the real critical current density J c in theoretical analyses for HTSC. Because J c is a necessary parameter for flux pinning theory to scale the effective pinning potential and is the threshold to separate a rest phase (flux creep regime) from a moving phase (flux flow regime) in the dynamic phase diagram, then the determination of J c is of principal importance in research on vortex matter in HTSC. Recently, new methods have been proposed to extract J c , such as the generalised inversion scheme (GIS) (Wen and Zhao 1995) and the Bardeen-Stephen criterion (Bondarenko et al. 1998) . But to our knowledge, because there is no theoretical discussion about J c and J E and a quantitative comparison between them, the EFC is still widely used in investigations on the vortex matter in HTSC. The inadequate substitution of J E for J c and the arbitrary choice of EFC from 10 −1 to 10 −5 V m −1 has inevitably brought some dubious conclusions (Mannhart et al. 1988; Mankiewich et al. 1989; Sueyoshi et al. 1998; Doyle et al. 1998 ) and covered up the physical implication of J c .
In this paper, the E ∼ J relations of YBa 2 Cu 3 O 7−δ epitaxial film are presented for various magnetic fields and temperatures around the transition from the vortex-glass phase to vortex-liquid phase (for simplicity, hereafter referred to as the GL transition). In order to avoid the 2D vortex regime and the demagnetisation effect, we have applied a magnetic field parallel to the ab plane of the sample. Using a theoretical material power law (MPL) (Brandt 1996 (Brandt , 1997 Yazawa et al. 1998) , we obtain the temperature and magnetic field dependent characteristic pinning potential U J (T, H ) and real critical current density J c (T, H ) . By comparing J c with J E , we show the irrationality of the EFC. Furthermore, based on the U J ∼ J c relation, we interpret the temperature induced GL transition from the viewpoint of the pinning potential well of the vortex line.
Experimental
The highly c-axis oriented YBa 2 Cu 3 O 7−δ epitaxial thin film in this work was prepared on a SrTiO 3 substrate by DC magnetron sputtering (Jakob 1991) . The X-ray diffraction pattern reveals that the film is highly c-axis oriented and epitaxial. By using the standard four probe method, we have measured DC CVC on a YBCO film which is 200 nm thick, with an etched 200 µm × 60 µm bridge. The direct current is supplied by a Keithley 220 current source and the voltage is measured by a Keithley 182 nanovoltmeter. The temperature was stabilised at better than ± 0.01 K during the measurements.
The isothermal E ∼ J curves of the YBa 2 Cu 3 O 7−δ epitaxial thin film were measured for the configuration of H ab plane and H ⊥ J, where J is the in-plane current density. Fig. 1a shows the ln E ∼ ln J curves for various temperatures from 82.56 to 86.98 K at the fixed magnetic field of 8 T, and Fig. 1b shows the ln E ∼ ln J curves for various fields from 1 to 6 T at the fixed temperature of 87.82 K. It is clear that, in this temperature or field region, ln E depends linearly on ln J, which is consistent with the MPL elaborated below.
Determination of Characteristic Pinning Potential and Critical Current Density
In order to reveal the characteristics of flux creep in HTSC under the driven force caused by applied current, the key problem is to determine the effective pinning potential. This has attracted a lot of theoretical and experimental effort. The general form has been proposed by Malozemoff (1991), Griessen et al. (1997) and Schnack et al. (1993) : According to the Anderson (1966) phase-slip theory and the Arrhenius law, the energy loss equation of the super current can be written as
Because the parameters ν 0 L and U J in this power law are closely associated with the material properties, we call equation (4) the material power law (MPL), which is similar to the following experimental power law (Yazawa et al. 1998) :
where J E is the conventional critical current density depending on the choice of the electronic-field criterion E c . This power law is observed in numerous experiments and was used in theories on creep Gurevich and Brandt 1994; Schuster et al. 1995a ), flux penetration (Schuster et al. 1994a (Schuster et al. , 1994b (Schuster et al. , 1995b (Schuster et al. , 1996 and AC susceptibility (Rhyner 1993; Gilchrist and van der Beek 1994; Brandt 1995; Schuster et al. 1995 Schuster et al. , 1996 . The value of E c in recent reports ranges from 10 −5 to 10 −4 V m −1 (Wen and Zhao 1995; Higgins and Bhattacharya 1996; Doyle et al. 1998 ). However, it should be noted that the time-honoured EFC is unreasonable to determine the critical current density for HTSC, because the decay of voltage with decreasing current is not so abrupt as in conventional superconductors. In order to obtain the real critical current density of HTSC, we must adopt equation (4) instead of (5). Considering our previous discussions on YBa 2 Cu 3 O 7−δ (Shan et al. 1999) , we have ν 0 L = 6.1 m s −1 and hence obtain J E c /J r c = (E c /6.1B) 1/n by combining (4) and (5). Now, we rewrite the MPL as
It is obvious that U J (T, H ) can be calculated from the slope of ln E ∼ ln J curves and then J c can be determined simultaneously from the intercepts. Here we should point out that the MPL is valid only for the linear relation of ln E ∼ ln J. It is known that the GL transition is reflected by the transition of the ln E ∼ ln J characteristic from negative curvature to positive curvature (Brown 2000) . However, because of the limited measuring precision, the ln E ∼ ln J curves exhibit linear behaviour around this transition. Therefore, from Fig. 1 , we could declare that our experiment has included the GL transition because of the small curvature transition, and hence the following discussion is focussed on the GL transition.
Results and Discussion
The temperature and field dependencies of U J are represented in Fig. 2 by the solid squares and open circles respectively. It is noted that both U J (H ) and U J (T ) obey the linear decay law around the GL transition. Figs 3a and 3b show the temperature and field dependencies of J c , J 1 E (with E c = 10 −2 V m −1 ), and J 2 E (with E c = 10 −4 V m −1 ). We find that the conventional critical current density J E is almost 1 ∼ 2 orders smaller than the real critical current density J c , and the deviation of J E from J c becomes more and more severe with increasing temperature or field. Moreover, the arbitrary choice of the EFC (E c ) will bring about the uncertainty of J E and hence leads to the loss of true information about the pinning characteristics of HTSC.
In the following we reveal the physical implications of the U J and J c we have obtained. It is noted that the GL transition point is difficult to determine from the typical CVC as shown in Fig. 1 and the continued U J (T, H ) in Fig. 2 or J c (T, H ) in Fig. 3 . However, by investigating the relation between U J and J c , we were able to find the GL transition point on the viewpoint of the variational shape of the pinning potential well. We note that the shape of the pinning potential well corresponding to the MPL should be described as follows (Zeldov et al. 1990 ):
where x is the spatial coordinate and α and x 0 are the energy and position scaling factors respectively. In this case, the vortex line potential is localised in a narrow cone-like structure which exhibits a broad logarithmic decay and α represents the characteristic pinning potential U J , which is equal to U 0 (x 0 ), as shown in Fig. 4b . Now we consider the general definition of the effective pinning potential:
in which V c is the correlation volume. Equation (8) indicates that the shape of the pinning potential well is a crucial factor in determining the value of J c , for the critical depinning force is derived from the zero effective pinning potential. Applying equation (7) to (8), we have J c = U J /x 0 , that is, if x 0 is constant, U J should decay linearly with decreasing J c . The U J ∼ J c relation is presented in Fig. 4a , where the fixed magnetic field of 8 T insures that the value of a (where a is the separation between the adjacent wells, i.e. a ∝ √ 1/B) is invariable. It is noted that U J depends on J c linearly above the transition temperature T tr , while below T tr the dependence of U J on J c becomes weaker. This contradicts the above prediction by assuming a fixed x 0 , so we must take into account the change of x 0 with temperature. The physical mechanism that may result in such a phenomenon shown in Fig. 4a should be a vortex line softened by thermal activation. With increasing temperature, the restriction to the vortex lines becomes weaker and weaker, and the transition from a disentangled regime to an entangled regime will occur at last. In terms of this frame, x 0 should be regarded as the effective radius of the vortex line. The increase of x 0 with temperature directly weakens the dependence of U J on J c because of
. When x 0 reaches the value of a at T tr , it rises no further, and so the linear relation is gained. This transformation process of the pinning potential well is shown in Fig. 4b , which is in good agreement with the result in Fig. 4a . From the above discussion, we can conclude that T tr is the boundary between the disentangled regime and the entangled regime, i.e. the anticipated GL transition temperature. 
